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PURPOSE

The purpose of this contract is to conduct research on crossed-
field amplifiers in accordance with Technical Guidelines MW-21, a copy
of which is included in the first quarterly report.

PUBLICATIONS, LECTURES, REPORTS AND CONFERENCES

1. - Meeting at S-F-D laboratories to discuss contract, April 21, 1961.
Mr. J. D'Andrea, I. Reingold, K. Garoff of the Signal Corps and J. Feinstein
and H, L. McDowell of S-F-D laboratories were present.

2. Classified conference on Super Power Tube Program at Lincoln Labora-
tories, Massachusetts Institute of Technology, April 25 - 26, 1961.
J. A, Saloom, J. Feinstein and H. L. McDowell of S-F-D laboratories

attended. J. Feinstein presented a review of the S-F-D laboratories’

program.-
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ABSTRACT ,

During this quarter construction of the first SFD-203 tube
has been completed. The tube 1{s now being pumped. Experiments on
the SFD-202 and SFD205 have shown thae frequency responses flat over
8 - 124 bandwidth can be obtained with conseant anode voltage.
Experiments on a emooth dore tube have shovn that the frequencies of
the space charge mode are largely determined by a coaxial line
resonance of the sten., Experiments on the SFD=202 have shown that
control electrode turn-off can be accomplished with a geometry which
1s compatible with our usual techniques for debunching spokes in the

drift region,

i1
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1.0 INTRODUCIION

During this quarter, the SFD-202, SFD-203, SFD-205 and SFD=207
programs have all been carried forward, A complete SFD-203 tube has been
constructed, eold tested and is presently being pumped. Tests on the
SFD-205 have yielded proaising results. In one experiment we obtained
16 d¢b of gain with 400 kw output and 13 db of gain with 700 kw output, o
In another experiment we obtajined about 13 + 0.75 db gain at about
300 kw output over the 8.5 to 9.6 kMc band with efficieacies as high as
5%. Tests on the SFD-20T have not been as successful. We have obtained
about 150 kw output with 8 db of gain and 25% efficiency. We ave
presently trying to understand the reasons for the differeaces in per-
formance of these two tubes. :

As part of the SFD=202 program, we have made further experiments
with a smooth-bore tube, These experiments have shown clearly that the
smooth-bore mode frequencies are tled to resonances of the interaction
space and specifically, that the frequencies observed in the 2 kMe range
are related to a TEM mode {m which the stem is resonating in a /% mode.
Experiments are now belng prepared to investigate the effect of damping
these modes,

On the SFD-20Z itself, we have carried further the experiments
on tura~off using a control electrode and have demonstrated such turn-off
in a configuration more practical than the one discussed in the last
quarterly report, Several experiments on controlling the space charge
mode wege tried with negative results,

Off and on, we have been troubled with muletipactor effects in
our tubes, Some attentfon was given to this problem during the past
quarters At least & partial understanding of the effect was obtained,

It appears that multipactering along a vane surface ynder the influence
of crossed RF electzic and dc magnetic fields is the major source of

our troyble,
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Problems with our beryllium copper cathodes have begun to
show up at X-band ~ the main symptom being deactivation of the cathodes
after arcs have been drawvn, After such deactivatidn. ve zun into the
waximum current boundary phenomenon described by Jepeen and Muller.

It appears that a tudbe operates satisfactorily as long &s the maximum
current boundary has not been exceeded and the tube is space charge
limited, If we tzy to draw currents greater than this, the tube ceases
to operate and the current drops to a low value, Thus, these tubes
will apparently not operate at all under emission limited conditions.

Lo



:

SeFeD (laboratories, inc,

2.0 THE SPD-203 PROGRAM

The first complete SFD-203 tube was constructed during this
quarter. It 1s presently being pumped and prepaved for RF test. Pigure
1 shows a photograph of this tube. A cathode height of 0.230 inch is
employed rather than the 0.4 to 0.5 called for in the inftial design
to lower the curzent dravn to within the capabilities of our hard tube
modulator. A control alectrode will be eried in this tube and, 1£
successful, the next experiment will be performed using the full height
cathode and a dc power supply. No attenuation {is dncorporated in this
first tube.

Cold tests on this tube showed an insextion loss of about
3 db with seme additional dips to b to 5 db loss. These dips axe most
likely due to resonances of the large ean structure im which the cireuit
fs mounted, Ve decided to temporarily bypass this problem since thexe
are frequencies within the band at which the tube ecan be sstisfactorily
tested, 1In this manner, we can get hot test data most quickly and,
thereby, sse 1f any major problems show up. Figure 2 ghows results
of the cold test measurements,

We can make a quick calculatfon to see how reasonable the
3 db insertion loss is compared to an ideal figere for an arxay of
halfewave wires. From Pieree! we find

o= 27.3 (RA/ufe) (¢/v,) u

where R = the surface resistivity of the ¢ircuit material
‘/;72 = 377 olms, the intrinsic resistance of space
¢ = the veloeity of light
vg s the group velocity of the ctrcuie
N = the number 0f wavelengths along the circuit.
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FIGURE 1 ~ PHOTOGRAPH OF TuE SFD-203
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Taking the synchronous voltags as 3 kv, the ratlo v‘/v’ = 0.5,
and N = 30 wavelengths, we £ind for a copper eireuit allowing s factor
of 1.2 ia R for surfacs roughness

o~ 1,0 db

The diserepancy between this ideal valus snd the 3 db measured
18 accounted for by the £iuite sire of the bars, loss in the c 13 couplers
which {s not {necluded in the above celeulation and 10ss in the input and
output circuies. We estimate that with eare these losses might be
reduced until we have 8 total eircuit loss of sbout 2 M,
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S0 SMOOTH BORE EXPERIMENTS

3.1 Small Diameter SmootheBore Tube

It vill be remembered from our third Quarterly report that a
rather confusing picture was ®merging with regard to the frequencies at
which smooth=bore modes oeecurred. Much of the energy appeared to be
centered around 2 kMc and was mot changed from this location when varying
the anode-to-cathode spacing, Sometimes tupable oscillations were
encountered; sometimes the oscillations ippnred to stick at certain
frequencies, Whea the same demountable smoothebore tube was put
together with a 0.910 diameter cathode on two sepsrate occasions,
difierent results were obtained.

During ‘the past quarter an experiment was performed which hes
shed considerable 1ight on this situvation. In this experiment, an
tnbert was placed within the anode of the smooth-bore tube to reduce
the anode diameter to 0.%00. An 0.250 diameter cathode was used, thus
maintaiulug the anode-toecathode spacing about the same as in our
original experiments. The purpose of this experiment was to see if
the frequency of the space charge modes scaled up in proportion to the
anode size reduction. With the .new small .cathode ge;mctty. there vas
no longer room for a hot button in the cathoéc. We had previously
ascertained, however, that the smooth=bore tube could be started by
applying an input pulse of several kilowatts to one of the cosxial
probes. Wa thus decided to use this method of sterting. The coaxial
probes themeelves had to be redesigned to a smaller size to £it in the
nev geometry., Thus, the whole geometry of the tube was esgentially
changed. '

When this tube was tested, two interesting features appeared,
One of these was the maximm current boundary phenomenon; the other was
the fact that the space charge mode frequencies had remained at 2 kMe in
spite of all our changes, The maximum curreat boundary phenomenon is
$1lustrated in Figute 3 where wa show curgent os 8 funstics of the zscie



" Peak current - amperes
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Agode=cathode spacing = 0.075
Cathode height = 0,150
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FIGURE 3 = CURRENT AS A FUNCIION OF THE RATIO OF MAGNETIC FLELD,
B, TO THE CUT OFF VALUE OF FigLD, 3“. FOR DIFFERENT
ANODE WOLTAGES
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of the magnecic field to the cuteoff field. The current {ncresses as
£101d 1s decressed until & sharp boundary 1s reached sad the current
drops to sero. We found that the location of this bouadary was {nsensi-
tive ¢o the input power used to trigger the space charge mode over a
five-to-one rsnge from minimum power which would trigger the tube to
the maximum available. This indicatee that the. boundazry is not relaced
to the starting process. (The current drawn in this experiment vas
measured after termination of the fnput RP trigger pulse)

The area of the cathode in this experiment {3 0.275 times the
ares used in the previcus snooth bore experiments. The current for a
given B/B co 18 however much larger then 0.275 of that drawm from the
laxger diameter smooth-bore tube. This is shown in Figure 4 vhere the
results for the small diameter tube are compared with those for the
large dismeter tube as taken from Figure 11 of the third quarterly report.
It.wuld appesr that the greater cutrvature of the small tube has echanced
the space charge mode rather than reduced it as we once suspected, It
vill also be noted from Figure b thet the maximum curreat drawn from
large and small diameter tubes is about the same. This must be in part
& matter of coincidence because in the large diameter tube cut-off s
rezched before we reach a maximum current boundary; vhereae in the
small dlsweter tube, & clearly defined maximum current boundary is found
for fields higher than cut-off. Thus in the large diameter tube, the
current is 1imiced by electroaic effects while in the suall diameter tube
1t 1s apparently limited dy the maximum curreat the cathode is capable of
delivering. 7The reason for these differences in performance of large
and small dlameter tubes is ot presently understood.

Figure 5 shows the spectra of the smooth-bore oseiuaucnl
as obtained from the small diametar tube under several different operating
conditions, As may be seen, there are a group of frequencies near 2 kMc
and another gear 5 kMc. 7The 2 kMc oscillations would not tune, but those
8t $ BMe would ture with magnetic fleld over a narrow range. The tube
wag st cold cheeked for transmission Letwesn the rwo coaxial probes.
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A group of resonances was detected in the 2 to k Kfe range though no
resopances wers found mear 5 kMc., It thus seems extremely likely that
the snooth-bore mode fraquencies ~ at least thoas betwsen 2 end 3 kMc =
sre tied to circuit resonances, It is likely that thoss near 5 kMe

ars 8130 tied to a resonance but that wa missed the resonsnce on cold
test, Ve tentatively sdvance the conclusion that the space charge
mode phenomenon 1is an extremely broedbsnd one and that the exact fre-
quency that it picks to opsrete is determined by vhatever resonsnces
may be present. This conclusion is further justified by the observation
_ that tuaing the ocutput line through which these modes are observed slso
causes shifts in their frequencies. A lover limit to the frequencies
permitted s obtained whea the wells of the intsraction space short out
the RF fields of the spacs charge mods betveen regions of electron
bunching eud regions of slectron deficiency. Ia our cess this appears
to be about 1 kMc. An upper boundary to the pemmitted frequencies
appears to be the cyclotron frequency.

It was next noted that the frequency of 2 kiMc corresponded
roughly to that at which the cathode stem was & quarter wvavelength long.
Further experiments d4id indeed show that the obsarved resonsnces are
TEM modes in which the stem acts as & quarter wave coaxisl resonator.

Such resonances vera observed on & stea assembly alone removed from the
tube. )

The next obvious step is to f£ind cut what happens when the
resonances of the intersction space are damped out, It {s our suspicion
that the space charge mods will continue co draw current but that 1t will
generate a broad spectrum of noise. 7To check this, we are now constructing
& emooth bore experiment in vhich a berbon loaded ceramic abasorber is
used as the enode. This will be done using the large smooth boxe geometry.
The de resistance of the absorber is low enough so that there will be only
& fev hundrsd volts drop betwesn its face vhere the elactrons sra collected
and ths metal surface o8 vhich 4C zasts.
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3.2 [Eleetronfe Gajn in e _SmootheBore Tube

During some experiments on the standard size smoothsbore tube
{1.070 inch diameter anode, 0.910 inch diametet cathode), ft wae Observed
that npot only will an RF gignal trigger the smooth bore on with the
cathode running completely cold (hot button turned off) but that this
signal will experience electronic gain; {.e., the coupling loss between
probes is reduced. Net galn betusen probes was never obtained dut the
coupling loss was decreased by a factor of 10 db. The amount of
electronic gain was grestest when the polarity of the magnetic field
wag such that the electrons traveled the short distance betweea probes =
see Figure 6A. As magnetic field was varied, there were a geries of
varlations in gain and a greater aumber of variations in starting time
delay,

It would appear that the electronic gain ie a croseed-fiecld
klystron 1like effect since the gain is greatest for the shortest path
length of the electrons between probes. Appaxently, the electrone become
velocity modulated under the input probe and this velocity modulation ie
converted efther to displacement or density modulatioa under the output
probe, As the magnetic field £s changed, theBOpzlmm drift length
changes, This may account for the power output variations, If the
electrons have to go the long way around the tube between input and
output probes, the modulation evidentally decays and the electroanic gain
1s less. If on the other hand the gain mechanism were a diocotroa like
mechanism such as we euspact for the epsce charge mode, we would expect
that the gain would be higher the long way around the tube 1if there were
. any difference at all., Thue the effect we esd is not likely to be &
diocotron effect and may be unrelated to the epace charge mode phenomenon,

Starting time delay in this experiment may have to do with the
phase at which electrons retura under the input probe after & eingle
transit stound the tubs. The nusber of minima in starting time delay as
8 function of msgnetic fisld appears to be about four tines the mumber of

]
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’Y

viggles in the electronic gein curve. Tius £t would appear 1ikely

that the starting time delay varistiocas are related to transit time
all the wvay around the tube while variations In electronic gain are
selated to trensit time Detveen frobe-; fe.e0, a quarter of the way

around the tude,

3.3 Rxesent View of Space Charge Mode

In our second quarterly report, we otane.d.an analysis of the
szooth Brillouin hud in a crossed=£ie¢1ld tube wich o eontinuously
enigting cathode, Thie analysie is essentially Bunmnn'cz. It showe
that there may bg & mechanisa for hud instability where o > ®, but
experimentelly we do not observe thie apnd @ < L for all our spacc charge
modes, In the region of w <€ o, ve £1ad an lnvercod reactance characteristic
fooking into the slectron eloud'. 1f thie 1s loaded with a positive con-
ductance, hub surface instabilities cen occur. Hith perfectly conducting
valle, the hub should ba stable, Ia the eecond q\ur:er!y Teport we
speculated that the finite conductivity of the walls might give rise to
a slight net gain and 4f the hud went sround the tube enough t!ines, thie
small gain over a long distance might ln enough to account for the hub
break up,

During tbo third quaxter an experiment wae performed which
appears to show this explanation to be incorrect. As described in Section -
4.3 of the third quarterly report, an experiment wag conducted in which
the re~entrancy of the electrons was eliminated by e collector iu the
drift epace of a tube end electrons were started off near the input from
a hot cathode button., This tubs drew current as a result of e space
chaxge mode thus fndicating that the gain mechanism of this mode ie high
enough for the mode to bulld up to appreetadble amplitudes for a eingle
transit of the electrons around the hub. Thus, it appears that we have
to Zook for a bigher gatn effect than auy we can derive from s Brillouln
hub, Such e gasn affect can be postulated 1f we look at theé atristed
solutfone for the hub epace charge as deseribed for example $n slazer’,

18
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In such solutions the space charge distribution and electron trajectories
appear as sketched ia Pigure 68, The cuter rim of space charge in this
solution begins to look a bit like the otrip dean in an fnjected beam
cpossed=field tube. It 19 thue quite possible that the ocuter rim can
Suppert waves on both its top and bottom suxface and that these can
coupls giving rise to dtocotron gain, Another vay of saying this 1a

that th: rim may be uvastable with respect to bowiog along the direction
of travel wheteas the Brillouia hud s vot, Thus fg may well de an
instability of the striated eolution that glves rise to the space charge
mode rather than an instabiliey of the lowest order or Brillouin solution
of the hub, At present thie looks to us like the most reasonable
explanatton for the space charge mode,

”
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%0 THE 5PB-202 PROGRAY
4.1 Xxperiments on Jurneoff peing s Contyo] Electrode

In the last quaztesly report we dlscussed s mwethod of turning
off a crussedefleld amplifier by pulsing & segment of the cathode ppst~
tive with respect to the main cathode, This segment then collected
the 'eircuhtlng ecurrent and caused turn-off, The segment used in this

‘case constituted one-thizd of the cathode cireumferencs, During the

past quarter, we have performed further experiments om eontrol electrodes
in an attempt to get a configuration that would f£ig wholly vithin the
drift space, ' o

The £irst experiment tried used & contrel electrode configuration
as shown in Figure TA, With a de voltage of 15 iv, 8 3 kv pulse positive
with respect to the cathode gave turpn-off., With less than 2 3 kv pulse,
turn-off was not obtained. . Theres vag & sharp demagcation between the
pulse voltage xequixed for tura=off and that theh would aot give turn-off,
Thus, the mu for this configuratioa %s S,

In the second experiment we used gche configuration ¢hown in
Figure 7B, This configuration combines the control electrode with our
normal drift section geometry. We were not sble to get a complete test
of this configuration because the tube wae dsmaged by an are dravn from
end hat to pole piece. Before arcing the tube was operating satisfactorily
with a 4.5 kv control electrede pulse, - No attempt had been nade vp to
this time to lower tha control electrode voltage below 4.5 kv. Ve ave
presently preparing to repeat this a}ctinent vith increased end hat to

pole plece gpacing to veduce areing,

4.2 Complete Interguption of the Drift Space

In Section b.3 of the last quaxterly report we dlscussed an
experiment in which the dzift space was completely interrupted and e hot
cathode button was used near the inmput. This tube operated in 2 space
charge mods Lo spite of the iaterruption of the alectronic feedback.
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Durlng the past quarter we Yepeated this experiment with ag adsorber
mounted directly on the top of the vanes of the ¢irculg, The purpose of
this experiment was to see 1f we could damp out the space charge mode
by eliminating $ts means of feedback,believed to be fast RF wave in this
case. Experimentally, we found the space charge mode unaffected by this
absorber, We know now as & result of the eiperimenta on the gmooth-bore
tube discussed above that & major source of feedback may be a TEM mode
resonance near 2 kMc, This mode would not have been much affected by

- the absorber on the vanes,

k.3 Experfiments on Grid Wires in the Drift Space

Seve.ral experiments were tried with grid wires mounted cireum-
ferentiall.y in the drift space as sketched in Figure 8. These wires
were mounted on a support separate from the cathode so that they would
be biased positive with respect to the cathode. It was intended that
the wires be located just outside the hub and operate at the normal hub
surface potential. It was thought that the wires might short out the
RF field of the space charge mode in the drift space and thereby prevent

its operation.
The inclusion of this grid was a difficult mechanical problem

and several false starts were made before a successful test was made,
The results were that the grid does not reduce the space charge mode and
that it is difficult to avoid intercepting a large current on the grid
thereby lowering efficiency. This type of grid appeare to de an
unpromising approach for eontrol of space charge modes and experiments

on it will not be ¢arried further,

4,% Quadded Anode Tube

A tube was co-natructed and tested having an anode in which the
size of the slots between vane resonators and scrpentine line were varied
in groups of four from 45 mils ta 25 mils; i.e., the first four slots of
the cixeuit would de 45 mils wide, the pext four 25 mils wide, etc, This

&
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technique 1s known as quaddinge In coaxfal magnetrons 1t has been a
8t2ong todl in eliminating moding. In our case we believed that a
possibllity existed of reducing the spurious mofse mear the x mode by
quadding, Tests showed however that the quadding had practfcally no

effect on performance,

4.5 Experiments_on_Leakage Current

To determine how much leakage current vas dravn from the
interactlon space to the pole plece, we constructed a cover for our

" demountable SFD-202 tubes having the pole face insulated from ground

by a thin ceramic wafer. A separate lead was brought out from this
insﬁlated pole face so that we could monitor the leakage current. The
effect of insertion of the insulating wafer on magnetic field was
checked and found to be negligible,

This cover with insulated pole face was used to check leakage
current in two separate experiments on the SFD-202. In both cases, the
measured leakage current was found to be very low - amounting to mo
more than 2-1/2% of the total current at low magnetic fields and no more
than' 1% at normal operating field, Assuming that an equal leakage current
was drawn to the lower pole piece, the total leakage current amounts to
2 to 5% of the cathode current, This means that essentially all the
cathode current goes directly aetoss to the anode even when the magnetic
field 43 low emough so that the hub surface extends beyond the end hat

‘vadlus, Prior to this experiment the possibility seemed to exist thae

some of the large current drawn et low racfos of B to B_, vas leakage
to the pole pieces, This experiment shows that leakage effects are

negligtble.

4.6 Frequency Response of the SFD-202

The frequency gesponse of the SFD+202 was measgured vith a
constint 3 kv input drive at thsee dtfferent values of wmagnetie field.
Tigure Q shows the results, At high magnetie fields the output slopes
ervazd goward the lover frequencies, The slope of the cutve rvepregoets

2
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a compremise between two e¢ffects « the wagnitude of the field at the hub
surface and the ratio of gnode voltage to the Hartree voltage; At low
frequencies, the rate of decay of the RF flelds avay from the circuit 1s
less zapid and the RF fi¢ld &t the hudb surface 48 stronger than at high
frequencies, This tends to make the tube dzav a higher eurrent end
causes the gain to be higher at the low frequency end of the band. On
the other hand for ffxed voltage and magnetic fteld, the percentage
overwvoltage £s larger at the uppe{' end of the band as may be seen from
the sketch of Pigure 10, By proper choiece of magnecic f£ield for & given
voltage (or vice versa) thesa two effects can be made 60 balance and the
average slope temoved from the frequency responsa eurve,

The wiggles {n the curve of Figure 9 are believed to be
related to cireuie reflections, This curve covers a range over vhich
the feedback caused by electrons not belng completely debunched in the
drift space would alternate several times from positive to negative,

The absence of such 9eriodiclty In the frequency response fndicates that

such feedback s small,
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Constant velocity line
for lower hand edge

Constant velocity
line for upper
band edge

Operating
band

Constant velocity
line correspondin%
to applied anode

voltage

Bt = @ {r

FIGURE 10 - SKETCH SHOWING HOW CONSTANT VELOCITY LINE INTERSECTS
w-pf PLOT, THE PERCENTAGE OF VOLTAGE ABOVE THE
HARTREE VALUE IS GREATER AT THE UPPER END OF THE
BAND THAN AT THE LOWER END
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5.0 THE X-BAND PROGRAM

The SFD-205 {s an X-band serpentine line tube similar in
principle to the SFD-202, It is a higher power tube than the SFD-202
and operates at & higher synchronous voltage thus making the spacings
in the serpentine line greater than in the SFD-202, We consider the

design of the SFD~205 to be a “practical one" whereas we do not so

consider the SFD-202 design, From tests on this tube we expect to get
a clearer understand!ﬁg of the operation of a forward wave crossed-
field amplifier at this moderate gain (15 db) level. This will assist
us later in interpreting results on the higher gain SFD-203.

The first extenslve testing of the SFD-205 has been conducted
during this quarter. One major problem has shown up - the beryllium
copper cathodes tend to deactivate after arcing has occurred in the
tube. This problem will be discussed further in the section on cathodes.
A second problem has been a tendency to multipactor., This problem is
also discussed below. In spite of these difficulties some very interesting
results have been obtained. Figure 11 shows a scatter of points taken at
di fferent magnetie fields and voltages on a plot of pcwer output as a
functfon of power input. It is seen that gains as high as 17 db and
power outputs as high as 700 kw were obtained. These results were
obtained in ap early test in which the anode was loaded heavily by an
absorber 3o that transmission was obtained only over a narrow bandwidth,
Thie was necessary because the end slots of the circuit were radiating
giving rise to a very ragged bandpass characteristic unless the absorber
waé used,

In subsequent cold tests the radiation problem was cured by
putting shorts part way up the first and last slots, The bandpass
characterfstic them looked relatively good over the 8.5 to 9,6 kMc dband.

A hot test performed on this tube gave the results shown in
Figuse 42, A veletively fst curve vas abgained vith 12 to 13 db of gain,

o



¥IGURE 11 - POWER OUTPUT AS A FUNCTION OF POWER INPUT FOR THY
SFD-205. DIAGRAM SHOWING A SCATTER OF POINTS
TAKEN DURING INITIAL MEASUREMENIS
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Bifletencies were quita good and are marked alongefde the measured polats,
Lt i3 belleved that with further effort, this gain can be raised to 15 db
with comparable flatpess.

Another gratifying result obtained with the SFD-203 fs that the
nolse performanse g much better gthan that of the SFD-202., With &nputs
as low as 10 kv the signal-to=-spurious ratio appears to be greater than
30 &b,

Thus, In spite of our problems, there are indications that the
SFD=205 {8 capable of performing considerably better than the SFD-202,

9.2 The SFD-207

3n the SFD-207 program, we have exper{enced the same problems
vith cathodes and muleipactoring as in the SFD-205. Thess problems have
prevented us from obteining any extensive daca on the tube. The daca we
have obtained indicate the tube haas low gain = lower than we should
expect from experfence with & simtlar tube with fewer sectfons on e
previous progtam., These regults were presented oma V = I plot with
power outputs and efficiencies marked alongside the expefilicntnl pointa.
Gains in the B to 9 db range were obtained. We feel that there may be
something wrong with thie tube other than just cathode and sultipsceor
troubles which explain its relatively poor performance.

As with the SFD-205, the signal~-to-noise performance of the
SFD-207 is much better than that of the SFD-202,
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6.0 MULTIPACTOR EFFECTS .

Attenuation of high power signals passed through our tubes by
multipactor effects has been a continuing source of difficulty, These
effects are partfeularly severe after a demountable tube bas been
operated, opened and vebuilt several times, Evidentally oxidatien of
the copper surfaces tncreases secondary emission vatfo end enhances
multipactor opexation, When tube badles which have beea giving multipactor
are passed through a hydrogen furnace the multipactoring 1s often completely
slimipated for a while or at least much reduced, .

The appearance of an RP pulse undergoing multipactor attemuation
is sketched in Figure 13A, There s an initlal spike of “::asmission
efter which the pulse "collapses", This effect can be observed with no
voltage applied to the cathode and s not greatly affected when voltage
is applied. A typical curve giving attenuation introduced by multi-
pactoring as a funceion of maguetic £ield 1s shown in Figure 13B, At
high magnetic £1elds there is no multipactoring., This indicates that the
multipactor effect must be across magnatic £1eld 1ines slace wultipactoring
parallel to the magnetic fleld would not be eliminated by high field. On
the other hand multipactor discharges between vane tips or between vane
tips and cathode should not ocecur at the power levels employed {for magnetlc
flelds of more tham & few hundred gauss) becwuse these discharges would de
"euteoff" by the magnetic fleld turning the electron .trajectories just as
it does 1n normal crossed-fleld inceraction., Further it would not be
expected that such multipactor discharges would show maxima as & function
of magnetic fleld as are observed, In some experiments, the cathode vag
completely temo;red from the tube and mulcipactering coatinved, Thus ve
must look further for the cause of our multipactor.

A likely source for this multipactor effect is sketched in
Figure 1, Electrons multipactor along the surfaces of the vanes being
tucned by the magnetic fleld so that they return to the vene from which
hep started, A comtinuoys seurce of elestross ak the etsstisy potus of
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FIGURE 13A = OUTPUT PULSE SHAPE IN THE PRESENCE OF MULTIPACTOR
ATTENUATION .
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the mult!pactc;r ie provided either by electrons delivered by the multis
pactor discharge going ia the opposite direction on the opposite vane ox
by electrons drifting dack midway betweea vanes under the influence of
space charge forces. It should be remembered that a comparatively small
percentage feedback will be required to keep an effect of this nature
golng for even a moderate mumber of multiplicatfon steps, There are
also probably some electrons which remain in the space between RY pulses
and assfst in getting the disch :ge fnitiated 1n each RPF pulse. This
may be deduced from the fect that when RF fnput is first applied there
is usually a delay of several seconds before the discharge will staxt,
.Once started, however, the multipactor occurs on every pulse and the
starting time is measured in microseconds.

It will be noted that the mechanism postulated here 1s one
that will be sensitive. to magnetic field, It will giva & maximum
attenuation when the time required for an electron starting frim the
vane surface to return to the eurface is just one RP.cycle, We can
set up the force equations and sclve for this condition to see 1if ic
eoi’respouda wvith the observed attenuation maxima, We can thus write,
using the coordinate system of Pigurs 1%

nf=cEBstnat-eBi (1)

nE=eBy (2)
where @ and m are the charge and mass of the electxon, B 4s the magnetic
fiecld, B ie the peak RP field, @ 1s the RP radian frequency and the
dots indicace ¢iffarentiation with respect to time,

Integrating (2), applying the boundary eondition that at y = 0,
§ » § = 0 and gubstituting iato (1), we #4nd rhat

)+a¢2y-quhu ‘ {3)
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where fi= ':'

o, =% B

Solving this equation with the boundary conditions that exist
vhen t = 0 theny » 20 $ o w0 we find

ye (% (aln ot - '5‘2 sin' w, t) (4)
Wy = © (S
o, .(...'L‘__.)(_‘Q cos w ¢ e 2 cos mt\ e OE (5)
2 2/ \w e w o w
. ﬂc - W [ ¢

A speclal siguation is encountered when o = W, Then wc2 - u)2 = 0, and
(llﬂ ot = w/m° sin o, t) = O and the expression becomes indeterminant,
To evaluate. itatwe= a)e. we write ® = ©, - A and take the limit as. .
&=—»0, By this process we find

nE . . )
y = 2 (sin W, tew, tcos e t) {6)
c
L -1E . -
2 o 2 (1« cos w, tem tsinw t) (49

The condition for a multipactor resonance {s that y return to zero when
wt = ®n, Applying this i{n (4), we find that this occurs for

w

-‘% vhere & = 1, 3, 4, 5, etc.

nois

i.0,, all tntegers except 2. Equatlon {6) shows thag whem n » 2 (we = o)
the resénance condition is not satisfied, Therefore, the analysls predicts

3%
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Tesonancss vhen the magnetic fleld &s 1/2,” 3/2, 4/2, ete. of the cyclos
tron resonance fisld, Actually we obtain enly two maxina of atteauation
a8 shown in Figure 13B, The magnetic field st these attenvation maxims
are, howgver, very close to the predicted values as ghown in Pigure 15,
vhere we plot megnetic field for maximum ettenvation as a function of
frequency. The higher n mode attemuations may in principle exigt but
may never get started,

We can find the striking energy from

‘y - (ﬁ) (cos wt = cos w_ t) . (e)
e

When ot = 2%t and ©, = 1.5 0w, this gives

@

®
* @

oo

¥ = 1.2

Using an estimated value of E for our SFD-202 cireuit with an input power
of 1 kw, we estinate the striking energy to be of the order of 30 to 50
volts. This would not be emugh' to get the secondary emission ratio
greater than unity whea the surface 18 clean copper. It may, however,
be adequate 1f the suiface 1s covered by an oxide layer. This result
thus also corresponds to our experience that clean tubes do not multie
pactor. The evidence secems pretty strong that the effect postulated is
the one we are observing = at least at high magnetic fields wvhere the
multipactor is of importance. ‘ o

At zero or at low magnetic ficld, there may be multipactors
between vane tips or between vanes and cathode., If the tube is allowed
to pultipactor. at zero field, an elecctron current of the order of 2 few
tens of microamperes is drawn to the cathode and to the insulated pole
plece. Whethsr this is evidence of s multipactor between these electrodesd
#ud vanss or whather thase are just stray electrons is not knowvn., A

B e e

|
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magnetic f£1e1d {3 Incressed, thesa currents go through several maxima
and minime and then dlsappear, At high magnetic fields near the

operating values for the tube, no currents are drawn by the multipactor
effect.
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7.0 SLOW-WAVE CIRCUIT STJDIES

Experiments were made during the last quarter to see if the
C13 couplers could be lifted off the bars of the circuit of a Cube
such as the §FD-203 and connected to the back wall. For this purpose
an experiment was made uging #m array of bars with projections from a
back wall coupling capaecitively to the bars. There were two rowc. of
such projections, One row e¢ovpled to every alternate bar and the other
row ¢oupled to those bars mot coupled to the first row in a manmer
analogous to how we make rows of c‘3 couplers in the SFD-203.

Results of cold tests on this g¢irsuit showed thag it operstes
quite differently froa 2 notmal C13 circuit. Evidentally propagation
occurs at low phase shift pep gection and the circuit is not saterially
different from a Karp circuit. ZFor our purposse this removes it from
the area of interest,

L4
{
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8.0 CATHODE SUDiEs

As mentioned in connection with our X-band studies » We found
that berylifum copper caghodes will deactivate when avcing takes place
in & tube, After arcing considerably less current can be dravn than
before arcing. The deactivation shows up &s the appearance of a
maximua current boundary phinomenon. Thie is ghown by Figure 16 whtch
1e & plot of anode current as a function of the ratio of magnetic field
to the cut-off magnetic field for & tube in which deactivation has
occurred. As magnetic field s lowered the current increases until a
maximum value of about 13 peak amperes is resched, .The current then
suddenly drops to a low value, Thus, 8 horizontal 1ine &t 13 amps
Tepresents & maximum curvent boundary, It 1s to be notcd that the
shape of this boundaxy is such diffexrent tlun that chovn in Pigure 3
for a suall dismeter smooth-bore tube. L

Prior to deactivation, this cathode could drev & considerably
larger current. This is indicated by the:dotted 11nes. in Figure 16,

At B/t“ of 1.15, & current of 70 anps vas obutned.., The appearance of

& maximum current boundary does not affect the current drava L{f this
current is moderately leu than the boundary value. Ia such 2 range,

the tube is opexattng apace charge linited sud operation is mot affected
by cathode properties. When the boundary is reached, the tube tries to
draw more current than the cathode can supply. i{ha: poseibly happens

is that the hub space charge ie rapidly decreased and cathode back boumbard-
ment {s reduced until it cam o longer supply the current called for.

This reduction in back bembardment would sceount for the current dxopping
to & low value rather than just limiting at the maximum value,

A very sinilar deactivation to that depicted ia Figure 16 for
the SID-205 has also been observed in the SPD-207 and on rare occasions
ia the 8YD=-202.

One cure for this difficulty is to use spacings lazrge encugh
eo that azcing does 5ot occuze This may, hovavezr, be difficuls at X-bang

-
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80 that another cure must be 16oked £0r. A tfkely possibility is the
use of an oxide Impregnated nickel matrix cathode as Is gsed in
magnetrons, Such cathodes appear (o be lese sensitive to deactivation
caused by azcing, For use in a tube operatipg from a de voltage such
& cathode must be kept cool so that there 1s po primary emfssion which
could eause nolse or spuricus turneon in the interpulse pertod. such
en oxide cathode has been tried recently in en SFD-202 tube., The cathode
vas constzucted on a g014d cylinder and no heater was used, The eathode
wag activated by heating it in a bell jar to bresk dowa the earbonates,
It was then removed from the bell jar and placed im the tube., Whea the
tube was first tested, it gave off more gas for e few hours tham did
& tube vith & beryllium copper cathode but thea settled down to operate
at the game low pressure. The eurreat d;awn from the oxide cathode was
substantially the sane a8 that from & beryllium copper cathode as shown
in the cuzrves of Figure 12 of the eeecond guarterly reporf..' The next
step will be to incorporate such & cathode ip the X-band tubes.

We can show the factors that the maximum current boundary
depends on by the following procedure. ‘!'Iu ratio of hud thickness to -
the auode-to-cathode spacing is given by

-2 P (1)
d . _‘vf__ +1 VL : o W88
(-] o
or
v ®

-} ~ 7%  approximately

vhere y = the hub thicknass
d = the snode~to-cathode spacing
¥ » the anode voltage
¥, @ the syachzoacus volioge
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The average charge density in the hud 23 given by
Ppm 1y co 82 (2)

The time for an electron to complete a trajectory leaving the eathode
and later retuzning to the cathode is shown by Slater to be proporticnal
to l/o:‘= for a striated solution of the hudb space charge. Ve will assume
theg the effests of RF represent a perturbacion of such & trajectory so
that the same proportionality to l/m‘= will bhold. From chis, we con
calculate that the curreat retusning €0 the cathode will be proportiomal
to o, times the total charge fn the hub. : :

v
!r~83hrd(-% o (3)

: Mo Ir = the current returning to the catbode
h = the catchode height
£ = the radius

" B = magnetic field

- The current iva_llablq to ba dzavn froa the cathode must ba & times Ir.
where d is the secondary emission ratio. Of this current (d - 1) L 3

1s available to be dravn to the anods while 1 must retura to the cathode
to maintain the back bombardaent. Thus the current available to be
drava ¢o the anode becomes

v
1-..(0-1)331::0;* (%)
Using v iy the synchronous velocity =~ %3 we obtaia
Ina(s-1) _a"’urvol/a (5)

Rewever, 82 hg ".1/2 4s proportional to the chagagteristie cutreat.

*

L
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Thus, we come to the conclusion the maximum availeble current ig propore
cional to (3 = 1) times the characteristic current. Since all tubes of
@ glven class tend to operate at the same ratio of current to charace
teristic ecurrent, the limitations {mposed by & maximun cu:rent boundary
are & funcelon of (5 - 1) alone. A low 8 would ba just ss such of &
problem in a low freqeency tube as ia @ high frequency one even though
the curreat density drawn {n the fozmer was very wuch lese. -

L]
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9.0

NCGLUSIONS
The copclugions to be drawn from the work doue this quarter ares

1. Crossed-field ampiifiers can be eonstructed with bandwidchs of
8 o 124 with the tube operating at constent anode voltage. Zhe
frequency response curve 1s deternined by eounzéracclnz tendencies .
of the rate of field decay awey from the anode surface and the
perceptage of voltage sbove the Hartree valve, A galn of 12 + 0.75
db has been obtained with this type of operations. Cains of 17 &
have been obtained at spot points without a simultaneous investiga=
tion of the gain vs. frequency characteristic.

2. The frequencies of smooth-bore or space charge modes are deteps
mined by resomances of. the interaction space, not by any characteristic
of the mode itself, '

3. Turnroff with & control electrode can be obtalned with a geometsy
which is compatible with our usual techniques for debunching spokes
ip the drifc region.

4. A method of determining leakage current to the pole pieces has
been worked out and spplied to the SFD-202 tube. The same techaique
can later be applied to other tubes. Tests have shown that leakage
current in the SFD-202 1¢ small and :ﬁat spaée charge mode current
goes across the interaction space to the anode.

5« A gultipactor effect ia which clectrons run 2long the sldes of
i:he vanes 1s responsible for sttenvation effects obsegrved when the
magnatic field is close to the operating value. Such multipactop
effects can be avoided by keeping the surfaces clean.

6. Arcing in & tube causes deactivation of beryllium copper cathodes,
The deactivation shows up as & maximun current boundary. For cuscents
less than the maximum, the tube operates space charge limited and
Operation i{s independent of cathode properties, Whem the maxtmum
euvrrent 4e excaeaded the current suddenly drops to a low value,

LS
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Ts Secondary emitting cathodes can de made by the normal teche
niques used for maguetrons except that the heater is omitted, °
The cechode may be activaced in 2 bell jar and later placed in
the tube,

8. Cold tests of the complete 8FD-203 tude bave turned up no
fundanental problems, We will now procsed to hot test the tube,
Some vesonances in the tube body bave been found which will have
to be eliripated ¢ventuzlly but chances are that éhey will not
futexfore with {aitial hot testing at selected points in the
band. .
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10.0 OGRAM FOR

d. Hot test the 8FD=203 tube.. )
2. Continue tests with the srb-eoe smooth-bore tube for the purpose
of better understanding of gpacs chazge modes,

3. Continue tests on control elestrode in the SFD-202 tube.

L. Continue experiments on the two X-band tubes. Iuncorporate

oxide cathodes {nto these tudes, Compare operation of forward end
backward wvave tubes, See how much gain cas be obtained at conscant

voltage in the forward wave tuds.

9+ Initlate tests of secondavy emissiom of cathodes using a .
secondary emission tester, : :
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